Improved early detection of neoplasia by screening of urothelial cells requires an understanding of the features distinguishing normal and neoplastic cell populations. We have begun a program of study based upon a rat model system for the controlled observation of early-stage lesions produced by the carcinogen N-butyl-N-(4-hydroxybutyl)-nitrosamine. Cells dissociated directly from normal and malignant urothelium were characterized by conventional cytopathology techniques and by quantitative microscopy (for nuclear texture and nuclear and cytoplasmic size, shape, and stain content) to derive a comprehensive picture of bladder tumor development. By following the changes that occur in the dissociated urothelial cells we have found that the nuclear area, total nuclear stain, nuclear shape, and the nuclear chromatin change significantly over a 48-wk interval as the lesions progress toward malignancy.
Improved early detection of neoplasia by screening of urothelial cells requires an understanding of the features distinguishing normal and neoplastic cell populations. We have begun a program of study based upon a rat model system for the controlled observation of early-stage lesions produced by the carcinogen N-butyl-N-(4-hydroxybutyl)-nitrosamine. Cells dissociated directly from normal and malignant urothelium were characterized by conventional cytopathology techniques and by quantitative microscopy (for nuclear texture and nuclear and cytoplasmic size, shape, and stain content) to derive a comprehensive picture of bladder tumor development. By following the changes that occur in the dissociated urothelial cells we have found that the nuclear area, total nuclear stain, nuclear shape, and the nuclear chromatin change significantly over a 48-wk interval as the lesions progress toward malignancy.
Key terms: Image analysis, cytopathology, rat bladder carcinogenesis Our goal is to quantitate urothelial cell morphology for the improved early detection of bladder neoplasia (1). The screening task is a potential target for eventual automation, but first, a thorough understanding of the characteristics of normal and neoplastic cell populations is required. We have used a rat model system for the controlled observation of early-stage lesions produced by a known carcinogen. In this study, cells dissociated directly from normal and malignant urothelium and stained with Papanicolaou stain were characterized by conventional cytopathologic techniques and by quantitative microscopy to develop a comprehensive picture of the urinary cytology. The pathology of the tumors, methods for preparing dissociated cell samples, and their evaluation by conventional cytopathologic criteria is described in the preceding paper (6).
MATERIALS AND METHODS
Samples Male Fisher 344 rats were exposed to the carcinogen N-butyl-N-4(-hydroxybutyl)-nitrosamine (BBN), as described in the preceding paper (6). Beginning at 7-8 wk of age the animals received 0.05% BBN in their drinking water for 10 wk and were then returned to control water for the duration of the experiment. At intervals of and an 8 x ocular to provide images with spatial resolution of approximately 0.25 pm. The images were scanned with a Sierra Scientific vidicon camera at a sampling density of 8 points per linear micrometer with a signalto-noise ratio in excess of 50 db. The video image was digitized using a Quantex DS/20, were 16 consecutive frames were summed to further reduce noise and a 128-by-128 image was then transmitted over a high-speed digital link to a PDP 11/34A computer for analysis and storage.
Image Analysis
Three sets of images were scanned and analyzed at each of the five time points (14, 26 , 34, 45, and 62 wk after the start of carcinogen exposure). Each set contained about 50 well-preserved small or intermediate urothelial cells. The three groups were (1) randomly selected cells from two or three control rats, (2) cells selected as morphologically abnormal from two or three test rats, and (3) randomly selected cells from two or three test rats. Group 2 was selected by a cytologist, while groups 1 and 3 were selected by someone not trained in diagnostic cytology. The resulting cell images were analyzed for morphologic features and the extracted parameters analyzed by the UCLA BMDP statistics package (5).
When the picture-analysis program processed a picture, that file was read into computer memory and also copied to a reserve section of memory that is part of a memory-mapped display system. This system displays a picture with 256 gray levels and is partitioned by software to display four 128-by-128 pictures. Thus at any stage the operator could see up to four cells displayed. The analysis program has two stages: scene segmentation and feature extraction. In the scene segmentation stage the individual cell is located and the boundaries of its nuclear and cytoplasmic regions determined (Fig.  1 ). In the feature extraction stage, morphological measurements (size, shape, texture, and stain) are made on the nuclear and cytoplasmic regions.
Scene segmentation. Although a variety of techniques are available for identifying the object boundaries in pictures (10, 20) , we chose human-assisted thresholding. This technique was selected because we found that no single algorithm was completely effective for the two boundaries per cell in all cells involved in this study. Through interaction with our high-quality display, it was quite simple, however, for a n operator to choose a threshold for scene segmentation.
Feature extraction. After the nuclear and cytoplasmic boundaries were determined, the following features were determined for both the nucleus and the cytoplasm:
normalized perimeter2/area, bending enarea, perimeter, nuclear aredtotal cell area ergy, mean absolute curvature, sphericity, ellipitcal eccentricity total stain (i.e., total optical density), total staidarea
Stain:
On the nucleus we determined three measures of chromatin distribution:
heterogeneity, condensation, and margination
For those features whose definitions are not obvious, a brief description follows. Normalized perimeter2/area. This shape factor, sometimes referred to as the thinness ratio is defined as
471. x area and takes on its minimum value.of 1.0 only for a circle (13). Bending energy. This parameter represents a model for the amount of energy stored in a shape (2,221 and also takes a minimum value for a circle. Functionally, it is given by where K(p) is the curvature of the shape contour at point p and the computation is done for every point on the contour.
Mean absolute curvature. This shape parameter (2) is similar to bending energy and is given by Sphericity. This parameter measures the ratio of the radius of a circle with area equal to the given contour to the radius of a circumscribing circle (18) .
Elliptical eccentricity. This shape measure is based upon the idea of the eccentricity associated with an elliptical contour, specifically the ratio of the major to the minor axis. We fit an ellipse to the contour of the cell by assuming that the cell is a homogeneous mass and calculating the second moments of inertia about the center-of-mass. With these moments represented as a matrix Mxx Mx, the eccentricity is defined as the ratio of the larger eigenvalue of the matrix to the smaller eigenvalue.
Chromatin Measures
One of the most difficult problems in the quantitative description of cell images is finding satisfactory measures for nuclear chromatin distribution. Using conventional gray-level images of cell nuclei, we have been guided by the human linguistic descriptions of chromatin in quantifying texture. Two key linguistic concepts are chromatin condensation into clumps and the size of the clumps. Our method follows the subjective impression that only three density levels, corresponding to white, gray, and black, are necessary to the perception of chromatin condensation. In an absorbance image, black corresponds to highly compacted chromatin, white to cleared chromatin, and gray to diffusely distributed chromatin.
The transformation of the nuclear image from one with 256 gray levels to one with these three levels is accomplished by automated thresholding based upon percentages of the average nuclear brightness. As is shown in Figure 2 , areas above the empirically determined 1.2 x [ mean brightness] are assigned black, areas below 0.8 x [mean brightness] are assigned white, and intermediate areas are assigned gray. This simple threelevel partitioning of the nucleus was used to determine the degree of heterogeneity in the chromatin and the condensation of chromatin. The border of the nucleus was always identified in white, as in Figure lB , and was not used in the calculation of heterogeneity and condensation. A detailed description of these features is in preparation (23) , and only a brief summary follows.
Heterogeneity. To assess the chromatin distribution, the total number of black or white labeled points (see Fig. 2 ) is divided by the total nuclear area. If the nucleus is homogeneous (i.e., gray), then this parameter is zero. If the nucleus is completely heterogeneous (every point being either black or white) this parameter is 1.0.
Condensation. To assess the size of condensed chromatin clumps, we look at black or white labeled regions in the nucleus through a square mesh eight pixels (approximately one micrometer) on a side. The absolute difference between the number of black points and the number of white points within a mesh window is determined and the sum of such absolute differences computed. This sum is then divided by the area for normalization. If the nuclear chromatin is finely granular (like salt and pepper), then the value of this parameter approaches zero. If the nuclear chromatin is made up of coarse grains (like marbles), then the value of this parameter approaches 1.0.
Margination. By this term we refer to the increase of chromatin at the nuclear boundary. To quantify this concept we measure the stain content at every point in the nucleus using the original 256 gray-level image and then measure a quasi-radial moment of inertia about the center-of-mass (23) . Using a circular nucleus of unit radius as an example, we find that if all the mass is concentrated at the center we get a value of zero for the parameter. For a uniform, homogeneous distribution of stain mass we get a value of 0.33. For all of the mass concentrated around the rim of the circle, the parameter takes on a value of 1.0.
Conventional Classification
To test the cytologist's observation that the early and late abnormal cells seem to represent two distinct populations, the former with features of repair and the latter with features of neoplasia, the sets of selected abnormal cells were displayed in random blind order to the cytotechnologist and ranked according to the perceived time order of the set. In this way we were able to determine if human perception could identify differences between the early and late abnormal cells based only on the images actually stored for computer analysis.
In addition, 26 images from each group of randomly selected test cells (i.e., BBN-exposed cells) were displayed for the cytologist to evaluate. Each cell was then scored according to conventional cytopathology norms as normal, abnormal, or borderline.
RESULTS
The cytologist reviewed all of the stored digital images and concluded that the sample preparation of the control cells at the 62-wk time point had differed from that at other time points, in that the cells appeared pale and possibly overtrypsinized. As such the control cells from the last time point (wk 62) were eliminated from all statistical analysis.
In the blind ranking of the set of abnormal cells based on the digital images, the cytotechnologist ordered the files 34, 26, 14, 45, and 62 wk. This incorrect transposition of the 14th and 34th wk time points suggests that, while there were clear differences distinguishing the malignant cells at the last time points (45 and 62 wk), the differences between the reactive hyperplastic cells at 14,26, and 34 wk were less obvious.
Contour fitting with operator-assisted thresholding worked well for determining the nuclear boundary. It worked less well for finding the cytoplasmic boundary owing to the variability and low contrast in cytoplasmic stain density, and vacuoles in the cytoplasm. For example, Figures 1A and 2A are of the same cell. The computer-determined cytoplasmic contour showed a slight indentation at 10 o'clock in Figure lA , which is not correct, as seen in Figure 2A . As such, the statistics based on cytoplasmic parameters had large standard deviations and variability between groups that seemed unrelated to time or the neoplastic process. Because of these errors associated with the cytoplasmic statistics, we did not analyze them further.
As an example of the analysis procedure we show in Table 1 the numerical values of some of the parameters for each of 24 cells. As each set of features was extracted from a given cell, the vector of features was appended to a feature file. After the cells of a sample have been analyzed, the resulting feature file contained the feature vectors for each cell, ready for data reduction. A sample statistical summary based on means, variances, and covariances for a population of 66 cells is given in Table 2 .
The two statistical tests in the UCLA BMDP package that were used extensively in this project were P3D, the multivariate t-test, and P3S, the nonparametric MannWhitney rank order analysis. Using these two we searched for that subset of features that best described the differences among the random, abnormal, and control groups at each time point.
Nuclear Stain and Size Parameters Figure 3 shows the change in nuclear area with time for the control cells and the selected abnormal cells.
The nucleus was larger in abnormal cells at the 14-, 34-, and 45 wk time points. The largest nuclei were found at 62 wk in the abnormal cells. The small varia- tions noted in the control groups for the first four time points suggests that the control nuclei at 62 wk also would have been significantly smaller than the abnormal nuclei. Using the nonparametric Mann-Whitney ranks test, the P values for differences between the paired samples at 14, 34, and 45 wk were 0.05, 0.0146, and 0.0037, respectively.There was no difference in nuclear area at 26 wk. A similar temporal pattern of differences was noted in the nuclear perimeter measure.
Total nuclear stain content, shown in Figure 4 , had a slightly different pattern. Differences between abnormal and control samples were not significant at 26 and 34 wk, but a P value of 0.028 was observed at 14 wk and of less than 0.0001 was observed at 45 wk.
Nuclearhotal-cell area ratio (N/C) was of low "resolving" power, probably because of the uncertainties in the cytoplasmic measurements. The same general pattern for N/C ratio as in the nuclear area measurements was seen, however, and at 45 wk the P value was 0.0006.
Taken together these measurements show that both the reactive hyperplastic abnormal cells present at 14 wk and the malignant abnormal cells present at 45 and bending energy data are presented in Figure 6 . The control contour of the abnormal cells was generally more irregular than the controls, although this was not significantly so at the 26-and 45-wk time points. Large bending energy was observed in 14-, 34-, and 62-wk abnormal cells, and there was large variation in the cells. P values for the rank test were 0.0008, and 0.0004 at 14 and 34 wk, respectively. The perimeter squared / area was larger in abnormal cells at 14 and 45 wk and I I , , I , I 1 was also high a t 62 wk, but less dramatically than the The nuclear margination measurement of chromatin distribution also showed significant differences between abnormal and control cells at all time points, and the results are shown in Figure 9 . At all time points the margination was greater in control cells than in abnormal cells. The abnormal cells were relativelv constant Irregular indentations of the nuclear perimeters in over time in the degree of margination, while the control abnormal cells were noted during cytopathologic evalu-cells had greater margination at earlier time points. The finding of greater "margination" in the control cells is in conflict with the cytopathologist's description of greater margination in abnormal cells. It suggests that, while this statistic is well suited for differentiating abnormal and control cells, it does not reflect what the pathologist calls "margination." In view of the fact that a value of 0.33 is expected for this parameter when the chromatin is uniformly distributed, values less than 0.33 in the abnormal cells suggest that this parameter is being dominated by an increased dark central mass in the normal nuclei, such as the nucleolus. The idea that the nucleolus is increased in abnormal cells is consistent with cytopathological description. Examining the cells shown in Figure 2 illustrates the problems encountered in quantitating margination. The normal cell (2A) has a large nucleolus on the nuclear border, and the abnormal cell (2B) has marginal nucleoli, a central nucleolus, and some margination at 8 o'clock. These images are too complex for the simple definition of margination that we tried to apply. This experience with the "margination" parameter indicates some of the pitfalls in trying to match a computer formula to a verbal description of nuclear morphology. Only with several iterations of matching quantitative results with verbal descriptions is it possible to develop an appreciation for the discriminatory power of a particular test.
Randomly Selected Cells From Treated Animals
At each time point 50 cells were selected at random from the test animals. These stored cell images were reviewed by the cytotechnologist, who classified the cells as normal, abnormal, or borderline. The fraction of cells classified as normal was 0.27, 0.54, 0.16, and 0.11, and 0.11 at 14, 26, 34, 45, and 62 wk, respectively. The occurrence of the highest frequency of normal cells at 26 wk reflects the fact that at wk 14 there were many reactive hyperplastic cells and that neoplastic cells did not occur in great number until the later time points.
As might be expected, the parameters measured by image analysis for the set of randomly chosen, exposed cells were between the value obtained for the control set and the abnormal set. Randomly chosen cells were most like control cells at 14 and 26 wk and most like abnormal cells at 45 and 62 wk, in correspondence with the cytopathologist's scoring of the relative frequency of normal cells in this group. A typical parameter distribution is shown in Figure 10 for chromatin heterogeneity. The data on control and abnormal cells shown in this figure are the same as that in Figure 7 and are presented here as a guide in judging the random cell data.
DISCUSSION
Dissociated rat bladder cells provide excellent cytologic material with which cell morphology algorithms can be developed, tested, and used to characterize populations. By using a n animal model, we were able to sample repeatedly from a controlled neoplastic process and develop a detailed data set on the time course of cytologic changes. We were able to make statistically precise measurements of nuclear features, but not of cytoplasmic features. The cells derived from rats showed the same pattern of morphologic changes associated with human bladder cancer and argue well for the use of this animal model in studying carcinogenesis.
At wk 14 the cells presented features of regenerative hyperplasia. This included some increase in nuclear size, stain, and indentations, and a marked increase in chromatin heterogeneity and condensation.
At wk 26 the cells were nearly normal. While the cytologist selected abnormal cells, these were not measurably different from untreated cells for parameters related to nuclear size and shape. These cells retained their abnormal chromatin pattern, however. In randomly selected cells from test animals, the largest fraction of normal cells was found at this time point.
The wk 34 abnormal cells showed differences from control that were similar in magnitude to those seen at wk 14. In fact, a paired comparison between the features of selected abnormal cells at 14 and 34 wk shows no features that differentiate these two populations. This >E CYTOMETRY 461 observation implies that the features used cannot discriminate between hyperplastic cells (the 14-wk abnormals) and the earliest neoplastic cells (the 34-wk abnormals). Interestingly, in the blind comparison, the cytologist also confused the stored abnormal cell images from these two time points.
At wk 42 the cytologist noted cells with features normally associated with malignancy, and in the randomly selected cells from test animals only 11% were scored as normal. The abnormal cells at this time point were characterized by an increase in nuclear area, a marked increase in nuclear stain, no difference from control in eccentricity of bending energy, and highly abnormal chromatin staining.
The abnormal cells at wk 62 were judged most bizarre by the cytologist and showed highly atypical features for all the statistics presented, including eccentricity and bending energy. While there was no specifically matched control population for these cells, the statistics on the control cells at the other time points were sufficiently constant to suggest that all of the differences seen at wk 62 reflect the neoplastic process rather than aging.
Several attempts by others have been made to quantitate the cytologic changes in urothelial cells as a means of improving diagnostic cytology. These include the measurement of DNA content by flow cytometry (7, 11, 12, 14, 16) , and the analysis of images of Papanicolaoustained cells (8, 9, 15) . Both approaches have used human cytologic material and have shown significant differences between normal cells and frankly malignant cells. Both approaches have been less than ideal, however, in finding reliable means of identifying cells from lowgrade lesions andor being able to relate their measures to conventional cytopathologic description.
These studies merit particular discussion. First is the series of papers by Koss and co-workers using TICAS, a scanning system similar to ours (8, 9, 15) . Our study differs principally from theirs in our use of texture measures that we believe relate to the cytopathologist's judgment of chromatin compaction and our use of these quantitative tools on rat cells in graded model tumor system.
In their studies, as in ours, chromatin texture features had strong discriminating power between the sets of control and abnormal cells. They were able to define a combination of measurements which, if used together, could classify cells as normal or malignant. Using this classification scheme, two classes of cells were identified, typical I and typical 11, which fell in between normals and abnormals. Because the parameters used were only slightly related to convention cytopathologic descriptions, it has been hard to interpret these grades of atypia in terms of either standard cytology or in terms of the neoplastic process. We intend our approach to link more closely the measured cell statistics to the pathology diagnosis and to the temporal pattern of neoplastic progression.
Flow cytometry studies by Scandinavian groups (3,4, 14,16) and by Melamed's group (7,121 in New York have linked quantitative DNA measurements to cytologic grading of human bladder tumors. In both studies, tumors of increasing grade showed increasingly abnormal histograms. Grade I and I1 tumors, however, were only minimally different from controls. These studies suggest that our image analysis approach would be improved if we used a quantitative DNA stain, such as the Feulgen reaction, and were able to perform measurements of total nuclear stain intensity more precisely while retaining the important parameters associated with chromatin texture.
Finally, it is worth noting that there have been many other changes in bladder tumor cells described besides those of nuclear morphologic and DNA. These include lost of ABO antigens (191, and the expression of increased NADH diaphorase (17) . The latter, in particular, seems to discriminate between neoplastic and hyperplastic responses at a very early stage in the rat bladder cancer model. Enzyme histochemical stains or immunocytochemical staining using the precision of monoclonal antibodies may offer staining methods for the cytoplasm that would complement the studies reported here on nuclear morphology.
